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ABSTRACT
We study the internal color properties of a morphologically selected sample of spheroidal galaxies taken from
the Hubble Space Telescope (HST) Advanced Camera for Surveys (ACS) ERO program of UGC 10214 (“The
Tadpole”). By taking advantage of the unprecedented high resolution of the ACS in this very deep dataset we
are able to characterize spheroids at sub-arcseconds scales. Using the V606 and I814 bands, we construct V − I
color maps and extract color gradients for a sample of spheroids at I814W < 24 mag. We assess the ability of
ACS to make resolved color studies of galaxies by comparing it with the multicolor data from the Hubble Deep
Fields (HDFs). Here, we report that with ACS/WFC data of >∼ 10× less exposure time than in the WFPC2
HDFs it is possible to confidently carry out resolved studies of faint galaxies at similar magnitude limits. We
also investigate the existence of a population of morphologically classified spheroids which show extreme
variation in their internal color properties similar to the ones reported in the HDFs. These are displayed as
blue cores and inverse color gradients with respect to those accounted from metallicity variations. Following
the same analysis we find a similar fraction of early-type systems (∼ 30%− 40%) that show non-homologous
internal colors, suggestive of recent star formation activity. We present two statistics to quantify the internal
color variation in galaxies and for tracing blue cores, from which we estimate the fraction of non-homogeneous
to homogeneous internal colors as a function of redshift up to z<∼1.2. We find that it can be described as about
constant as a function of redshift, with a small increase with redshift for the fraction of spheroids that present
strong color dispersions. The implications of a constant fraction at all redshifts suggests the existence of a
relatively permanent population of evolving spheroids up to z<∼ 1. We discuss the implications of this in the
context of spheroidal formation.
Subject headings: galaxies: elliptical and lenticular, cD — galaxies: fundamental parameters — galaxies:
evolution
1. INTRODUCTION
In recent years, the use of field elliptical galaxies has be-
come a conventional tool for testing between very different
structures of formation, where the main competing views
of galaxy formation at high and low redshift are often re-
ferred as monolithic or early formation and hierarchical or
late formation (Peebles 2002). Many observational stud-
ies have been devoted to study a number of “scaling rela-
tions” in ellipticals in rich clusters; i.e. the low scatter in the
fundamental plane (Djorgovski & Davis 1987; Dressler et al.
1987; Treu et al. 1999; van Dokkum & Franx 1996) and in
the color-magnitude relation (CMR) (Bower et al. 1992;
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Ellis et al. 1997; Sandage & Visvanathan 1978). These im-
ply a high degree of homogeneity in the stellar population
which reinforced the idea of a monolithic collapse model in
which ellipticals formed during a rapid collapse at high red-
shift (Eggen et al. 1962).
The simple view of early formation contrasts with the pre-
dictions of models where galaxies assemble hierarchically as
the result of the merging of smaller sub-units, at a rate gov-
erned by the merger of cold dark matter halos (Baugh et al.
1996; White & Frenk 1991; White & Rees 1978). Although
the prevailing view in the past was that ellipticals in the field
formed in isolation in a high-redshift initial burst of forma-
tion, as did their clustered counterparts, several authors have
shown that the observational properties of field spheroids
(collectively E and S0s) are incompatible with the bulk of
the population forming at high redshift (Barger et al. 1999;
Menanteau et al. 1999; Trager et al. 2000; Zepf 1997). Most
of these studies were prompted by the success of hierarchi-
cal models in the predictions of a large quantity of observ-
able properties of galaxies, suggesting that massive field el-
lipticals could only have been assembled recently (z < 1).
The general consensus that arose is that a single short pe-
riod of formation at high redshift is incompatible with the
observations. There is growing evidence of the existence of
blue spheroids with perturbed colors at intermediate redshift
and a deficit of red systems compared to monolithic mod-
els predictions (Kodama et al. 1999; Menanteau et al. 2001a;
Treu & Stiavelli 1999; Zepf 1997). More recently, however,
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Bell et al. (2004) have reported using a large sample of HST
galaxies that E/S0s dominate the red-sequence of galaxies at
z ∼ 0.7. As the outcome of these new studies a new view of
elliptical formation is emerging.
A surprising result from this wave of studies is the exis-
tence of field spheroids with blue central regions at interme-
diate redshifts 0.4 < z < 1.0. These objects were originally
detected from their V606 − I814 color maps (Abraham et al.
1999; Menanteau, Abraham, & Ellis 2001a) in the Hubble
Deep Fields (HDFs), and are suggestive of recent star-
formation activity associated to central region of the galaxy.
The presence of blue core spheroids in the HDFs has gen-
erated interest in reproducing their observed properties us-
ing both semi-analytic models (Benson, Ellis, & Menanteau
2002) and extended monolithic collapse (Jimenez et al. 1998;
Menanteau, Jimenez, & Matteucci 2001b). The hierarchi-
cal description of Benson, Ellis, & Menanteau (2002) accu-
rately predicts the number of spheroids and the degree of
color variations observed in spheroids, but misses most of
the red spheroids in the sample. On the other hand multi-
zone chemo-dynamical models can predict the existence of
blue cores and homogeneous colors of evolved ellipticals
with success, by adjusting the redshift of formation of the
galaxy, although the cosmological mechanisms responsible
for detailing the formation of spheroids are somewhat unclear.
(Friac¸a & Terlevich 2001; Menanteau, Jimenez, & Matteucci
2001b)
The use of resolved colors in evolutionary studies, although
largely unexploited for characterizing distant galaxies (see
Abraham et al. 1999; Hinkley & Im 2001; Menanteau et al.
2001a; Tamura et al. 2000, for examples) supplies a new set
of independent constraints to the traditional use of counts and
redshift distributions alone, particularly useful when attempt-
ing to discriminate between models of elliptical formation.
Moreover, it is appealing to examine independent spheroid
samples that look for galaxies with color inhomogeneities
like those reported in the HDFs. Over larger datasets, they
can provide important clues for determining the fraction of
spheroids still experiencing star formation. Unfortunately, un-
til the arrival of the ACS, resolved colors analysis have been
limited only to superb signal-to-noise and highly time con-
suming datasets such as the HDFs. In this paper we explore
the advantages arising from exploiting the unprecedented ca-
pabilities of the ACS in obtaining HDF-like datasets with only
a fraction of the integration time. We use the first data avail-
able from the ACS to study the resolved color properties of
faint distant galaxies and compare them with previous results
from the HDFs.
A plan for the paper follows. In Section 2, we describe
the observations and data reduction of the ACS images and
our morphological classification of galaxies utilized in segre-
gating spheroids. In Section 3 we discuss the resolved color
properties and the construction of color maps of spheroids in
our sample. In Section 4 we present our methodology for
characterizing the resolved color properties using a model-
independent approach. In Section 5, we discuss the results of
our analysis and finally in section 6 we summarize our con-
clusions.
2. SPHEROIDS IN THE ACS/WFC UGC 10214 FIELD
The spheroids in our study were selected from one of the
first science observations acquired by the ACS (Ford et al.
2002) Wide Field Channel (WFC) as part of the Early Re-
lease Observations (EROs) program. The ACS/WFC houses
two 2048× 4096 butted CCDs separated by a ∼ 2′′ gap pro-
viding a FOV of 202′′× 202′′ with a pixel size of 0.05′′.
2.1. ACS/WFC Observations
In our analysis we utilize the deep images of UGC10214
(also know as “The Tadpole”, VV029 and Arp 188), a bright
spiral with long tidal tail at z = 0.03136, imaged in the
F475W(g), F606W(V) and F814W(I) filters. Due to an er-
ror in telescope pointing observation in which the “head” of
the Tadpole was cut off the ACS field of view, a second set
of observations was performed soon after, leading to an ex-
tra deep exposure on the overlapping region. In Table 1 we
report the observations of UGC 10214, including exposure
times, number of orbits and depth. The final observations re-
sulted in a superb multicolor dataset in which the depth limit
is <∼1 mag shallower than the southern HDF (HDF-S) for all
the observed bands. The properties of the Tadpole galaxy it-
self and its formation activity in young stars in the tail have
been studied in detail by Tran et al. (2003). In this paper, we
focus instead on the properties of a sample of galaxies in the
Tadpole field. It is important to point out that although the ap-
parent large size of the Tadpole galaxy fills the whole frame,
there is a large remaining area of the WFC image of 11.54
arcmin2 which is essentially clean of any foreground interfer-
ence and hence perfectly suited for the study of distant field
galaxies in a similar fashion to those performed in the HDFs.
Hereafter we will concentrate on and refer only to the objects
in the background of the WFC image of UGC 10214. In fig-
ure 1 we show a composite color image of the field in which
it is possible to appreciate the abundance of faint background
galaxies.
2.2. Image Reduction and Object detection
The data were first processed by the STScI CALACS
pipeline (Hack 1999), which included bias and dark subtrac-
tion, flat fielding and counts-to-electrons conversion. The
images were then processed by Apsis (ACS pipeline sci-
ence investigation software) at Johns Hopkins University.
This pipeline which measured rotations and offsets between
dithered images from both pointings, rejected cosmic rays
(CRs) and combined them into single geometrically corrected
images using the drizzle method in each band and a combined
image used for object detection. The reader is referred to
Blakeslee et al. (2003) for a thorough description of Apsis.
Object detection, extraction and integrated photometry
were taken from the SExtractor (Bertin & Arnouts 1996) cat-
alogs produced by the Apsis pipeline. Extensive simulations
and tests were conducted to determine the optimal parame-
ters for extraction and deblending of ACS/WFC field galaxy
sources. A detailed description of the procedure and parame-
ters is given by Benı´tez et al. (2004). In a nutshell, object ex-
traction was carried out over a specially created detection im-
age composed of the addition of the images in all bands. Ob-
jects detected above a certain threshold limit within the detec-
tion image are included and selected for subsequent photom-
etry. Apsis provides –through SExtractor– a stream of magni-
tude measurements computed for each of the bandpasses. For
the purpose of our analysis and object selection we choose the
near-total magnitude MAG AUTO based on Kron-like ellipti-
cal aperture magnitude measured within k times the isophotal
radius. While the SExtractor magnitudes are calibrated in the
AB system as Apsis products, we transformed them into Vega
magnitudes to ease the comparison with previous works, em-
ploying the photometric zero-points from the ACS photomet-
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TABLE 1. DESCRIPTION OF UGC 10214 OBSERVATIONS
Image depth b
Filter RA(J2000) DEC(J2000) Expt time(s) N exp N orbits Area (arcmin2) a Overlapping Shallow HDF-S
F475W 16:06:17.4 55:26:46 13600 12 6 11.54 (14.48) 27.64 (27.86) 27.27 (27.49) 27.97 (27.90)
F606W 16:06:17.4 55:26:46 8040 12 4 11.54 (14.49) 27.48 (27.70) 27.14 (27.36) 28.47 (28.40)
F814W 16:06:17.4 55:26:46 8180 12 4 11.54 (14.46) 27.03 (27.25) 26.62 (26.84) 27.84 (27.77)
Note. — aThe values given in this column are the effective (i.e., ”Tadpole-less”) areas used in the analysis, and the accompanying values in parentheses are the total areas actually
covered by the ACS observations. bHST image depths taken from Benı´tez et al. (2004) for point-like and extended (values in parentheses) sources.
Fig 1 available at http://acs.pha.jhu.edu/~felipe/e−prints/Tadpole
FIG. 1.— Composite color image of UGC 10214 (“The Tadpole”). The image illustrates the abundance of background objects observed in this deep ACS
image. The impressive depth and image resolution is shown in the figure insert.
ric calibration program (Sirianni et al. 2004). Hereafter we
will refer to magnitudes in the Vega system.
2.3. Selecting Spheroids
In selecting field spheroids we first choose objects with
integrated magnitude I814 < 24, using MAG AUTO from
the SExtractor products. This is our starting point for
segregating early-types. We decided on selecting objects
brighter than I814 < 24 —the same criteria adopted by
Menanteau, Abraham, & Ellis (2001a) in the HDFs— as this
enables both reliable morphological classification and abun-
dant signal-to-noise pixel information on deep HST images
and will provide us with the right tools to compare with the
HDFs sample later. This lead us to an initial sample of 373
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TABLE 2. ACS PHOTOMETRIC ZERO POINTS IN THE AB AND VEGA SYSTEMS
Filter AB System Vega
F475W 26.043 26.144
F606W 26.505 26.410
F814W 25.941 25.496
Note. — ACS/WFC photometric zero-points obtained from Sirianni et al. (2004).
objects.
We employ the same procedure for selecting spheroids
as described in Menanteau, Abraham, & Ellis (2001a) and
Abraham et al. (1996) based on a combination of visual clas-
sification and machine morphological analysis. Stars were
initially removed using the SExtractor star class parameter
in addition to visual inspection of all objects in the sample.
Here, we briefly summarize the strategy taken and refer the
reader to these works for a full description of the methodol-
ogy used. Galaxies in the Tadpole field were morphologically
classified using an automated classification based on both the
central concentration (C) and asymmetry (A) parameters (A –
C) from Abraham et al. (1996), as well as using visual classi-
fications made by one of us (FM). Visual classification have
been shown to agree very well with A – C classes in previ-
ous studies (Brinchmann et al. 1998; Menanteau et al. 1999).
The segregation of early-type systems is particularly robust as
their chief diagnostic parameter for discrimination is central
concentration. It is worth noting the key advantage in adding
A – C to visual classes alone, as they represent objective mea-
surements of the morphological properties of galaxies and can
be modeled and easily reproduced in the future if required. In
building our final sample of spheroids we used a combined
criteria of using both A - C and visual classes, which we be-
lieve is a robust approach. In figure 2 we compare the A-C
values computed for galaxies keyed to their visual classes in
three broad categories: E/S0, spiral and irregular. We selected
spheroid galaxies as objects which were visually classified as
E, E/S0 and S0 in the Hubble scheme. When there were dis-
crepancies between visual classes and A – C, they were exam-
ined in detail, to ensure an unbiased selection. In this fashion
we constructed a final catalog containing 116 ACS spheroids,
which is ∼ 43% larger than the only other HST existing cata-
log; the HDFs fields with 79 spheroids.
2.4. Bayesian photometric redshifts
Despite the absence of spectroscopic information for galax-
ies in the Tadpole field, we enhance the sample with the pho-
tometric redshift estimates computed using the Bayesian Pho-
tometric Redshift package (BPZ) (Benı´tez 2000) included in
the Apsis pipeline products. BPZ follows a Bayesian statisti-
cal approach to estimate redshifts employing a set of galaxy
templates and magnitude-redshift priors. While it is often
assumed that several filters are necessary to achieve accu-
rate measurements, the addition of priors can lead to reli-
able redshifts with only the F475W, F606W and F814W fil-
ters. As described in Benı´tez et al. (2004), when the Bayesian
methodology is calibrated with the Northern HDF (HDF-N)
spectroscopic sample, it has an excellent behavior at z < 1.5,
without catastrophic outliers and much better performance
than maximum likelihood alone. Furthermore, according
to Benı´tez et al. (2004), simulations of the efficiency of the
photometric redshifts as a function of magnitude confirmed
FIG. 2.— The computed values of the Central Concentration and Asymme-
try and their visual classes. Plot symbols denote E/S0 systems as red ellipses,
spirals as green spirals and irregulars as blue asterisks.
that for bright objects, I814 <∼ 24 the tipical uncertainties are
dz/(1+ z)∼ 0.1, which coincides with the magnitude limit
set for our sample where photometric estimates are most re-
liable. Despite the small estimated errors, we opt to take the
safer approach of using the photometric redshift only over the
integrated properties of the sample rather than those of indi-
vidual galaxies.
3. RESOLVING SPHEROIDS
Understanding the behavior of the point-spread function
(PSF) becomes important when studying distant objects at
pixel-scales. In the present analysis our main concern is
that PSF variations as a function of wavelength may lead to
spurious centrally concentrated inhomogeneities arising from
some centrally concentrated profiles in some spheroids. To
study this effect we made extensive simulations of the effect
of the PSF by artificially creating spheroids which were sub-
sequently analyzed using the same method applied to the ob-
served data. These are presented in Appendix A. We conclude
that the effect of the PSF will not significantly influence any
of the indicators used in our analysis.
Prompted by the findings of spheroids with central blue
cores in the HDFs (Menanteau, Abraham, & Ellis 2001a), the
first step in our analysis is to construct V606− I814 color maps
for all the ellipticals in our sample. This color peculiarity has
only been reported for early-types in the HDFs so far, and it
is compelling to verify whether it will also be present in other
unrelated samples such us the current one. For this, we com-
pute pixel maps, surface brightness, µ , for all galaxies in all
three bands, using the well-known transformation,
µ = zp− 2.5log(counts/exptime)+ 5log(pixelscale)
where zp is the zero-point for a given filter in the Vega system
from Table 2, the pixelscale is 0.05 arc/pixel and counts is the
number of electrons in each pixel. Subsequently, color maps
were computed, selecting only contiguous pixels above a sur-
face brightness threshold of µ606 ≤ 25 mag/arc sec2. We note
that we use this surface brightness limit only in the computa-
tion of δ (V − I) in section 4.1 in order to maintain consistency
when comparing with previous observations. However in sec-
tion 4.2 we will discusss a more robust method for selecting
and measuring the light of spheroids.
3.1. Old ellipticals vs Blue ellipticals
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FIG. 3.— Comparison of the V606 − I814 internal color properties of
spheroids in the Tadpole field and in the HDF-N. The top two galaxies are
taken from the HDF-N sample and the ones below, from the ACS sample.
The left column shows examples of blue nucleated spheroids and on the right
normal spheroids.
Our first objective is finding a population of spheroids with
blue cores and inhomogeneous internal colors in the current
ACS sample mirroring those found in the HDFs. After an
initial inspection, we conclude that in most cases spheroids
show fairly smooth and homogeneous V606− I814 color maps,
but the existence of a subsample with perturbed internal col-
ors is quite evident. We report a fraction of spheroids with
blue cores comparable to the HDFs in our ACS sample, with
similar sizes and strength in their color differences. It is im-
portant to remark that this is the first sample, apart from the
HDFs in which resolved studies of distant galaxies are possi-
ble. To illustrate the similarities in our findings, in Fig. 3, we
show examples of spheroids with normal and peculiar internal
color properties in the HDF-N and the present sample of ACS
spheroids. The similarities in the form of the blue nucleated
ones in both samples are quite evident.
4. METHODOLOGY AND ANALYSIS
After considering the color maps of spheroids, we want to
investigate how the internal colors of field ellipticals vary as
a function of redshift and quantify the fraction that departs
from a passive evolving population. Although we can iden-
tify a distinctive population of spheroids with blue cores and
color inhomogeneities from visual inspections alone, we wish
to develop a method for quantifying its strength in an ob-
jective way. A standard tool for this purpose is to model
their color properties using stellar synthesis population mod-
els (Abraham et al. 1999; Menanteau et al. 2001b). Unfortu-
nately, these predictions are quite sensitive to the galaxy red-
shift of observation and our present sample only encompass
photometric estimates, making this approach toward charac-
terizing individual galaxies somewhat uncertain. Instead we
chose to explore a model-free approach and focus on the
integrated properties, which in our view represent a safer
way to evaluate the trend of the population. For this pur-
pose we revisit the internal color dispersion estimator from
Menanteau, Abraham, & Ellis (2001a) and devise a new mea-
surement based on the slope of the color gradients of a galaxy
that we will show is more sensitive to the presence of central
blue spots.
4.1. The internal color dispersion δ (V − I)
The idea of studying the internal colors of an individual
galaxy can be considered as a generalization of the use of
the color-magnitude relation in the study of the history of
elliptical galaxies in clusters (Bower, Lucey, & Ellis 1992),
where the photometric dispersion is employed as a power-
ful mechanism to determine variations in their star formation
history. The first quantity that we present is the signal-to-
noise weighted scatter in the internal V606 − I814 colors of a
galaxy, δ (V − I), as defined in Menanteau, Abraham, & Ellis
(2001a). This measurement has proven a good tracer of pe-
culiarities in spheroid colors at pixel scales in the sense that
objects with low values of δ (V − I) have very uniform and
normal color maps, while those with higher values do present
disturbed internal colors and in many cases blue cores.
A key motivation for re-visiting this estimator is that it has
already been applied and calibrated with a similarly selected
sample of galaxies in the HDFs, where it proved to be a good
discriminant of objects with blue cores vs ellipticals with nor-
mal colors. This feature enable us to make direct comparison
between the HDFs sample δ (V − I) measurements and the
current one. In addition, it is a model independent method for
studying differences in the star-formation histories of galax-
ies, making it free of assumptions regarding the epoch of for-
mation in ellipticals.
In our estimates of δ (V − I), we follow the same proce-
dure used in the HDFs, and we also chose to concentrate
only on the V606 and I814 bands for computing color dis-
persions, as the resulting V606 − I814 color contains signif-
icantly smaller observational errors than g450 −V606 , spe-
cially for systems dominated by old stellar populations (see
Menanteau, Abraham, & Ellis 2001a, for details). However,
it is important to note that strong variations in the internal
colors are also present when looking at the the g450 −V606
colors. We select all contiguous pixels within a surface bright-
ness limit of < 25 mag/arcsec2 in V606, to isolate the galaxy
from the background sky and maximize the S/N ratio per pixel
associated. Using only the pixels within this limit, δ (V − I)
is computed from the weighted signal-to-noise distribution of
V606 − I814 colors for individual pixels, which in turn identi-
fies the internal homogeneity of a galaxy, using the following
recipe:
δ (V − I) ∝ ∑(xi − x¯)
2S(xi)SNR(xi)
∑S(xi)SNR(xi) (1)
x¯ =
∑xiS(xi)SNR(xi)
∑S(xi)SNR(xi) (2)
where S(x) is a selection function for pixels with signal/noise
above a certain threshold such that S(x) = 1 for pixels above
and S(x) = 0 for pixel below the threshold. SNR(xi) is the
signal-to-noise ratio for a given pixel color xi. The selection
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function S(x) and the weighting according to SNR(x) address
biases arising from noise variations at pixel-scales by reject-
ing low signal pixels and weighting the pixels’ contribution
proportionally to their signal.
4.2. The mean (V606− I814)(r) slope of the galaxy
In addition to the color dispersion we wish to develop an al-
ternative quantity to isolate spheroids with non-homogeneous
internal colors. This should be suited to measure the strength
of the blue cores and not prone to dispersions arising from par-
ticularly reddened core. For this we concentrate on a method
that quantifies the variation in the color as a function of the
galaxy radius. Given that in most of the cases, color pecu-
liarities manifest themselves via the presence of blue cores, a
clear pattern of this effect is the display of inverted (i.e. pos-
itive sign) color gradient, as opposed to “normal” passively
evolving ellipticals which either show flat or slightly negative
color gradients, as expected from metal enriched cores.
We focus on the V606 − I814 colors to compute color gra-
dients as a function of the radius r, as these represent the
bands where the signal-to-noise is higher and can be more
directly related to δ (V − I). In the extraction of the color gra-
dients, initially we measure the centroid and second order mo-
ments (x2, y2, xy) of the galaxy utilizing the I814 band, from
which we determine the ellipticity parameters of the objects
(a,b,θ ). It is worth noting that we keep the same elonga-
tion ratio e = a/b up to the isophotal limit to which the color
gradient is computed. Next, using concentric ellipses, we cal-
culate the V606− I814(ri) gradients as the median color in the
shell between ri−1 and ri+1. To gauge the slope of the color
gradient, we fit a fourth order polynomial function to the ob-
served (V606− I814)(r), up to a certain maximum radius rmax,
from where we measure the slope by simply obtaining the first
derivative of the fitted polynomial function. In order to con-
sistenly measure the slope of galaxies over similar physical
areas on spheroids and at different redshifts, we compute the
slope up to a radius rmax following a similar aproach to the
one described by Papovich et al. (2003) and Conselice et al.
(2000). This consists of choosing the aperture radius rmax of
the galaxy as rmax = 1.5× rp with (η = 0.2) where rp is the
Petrosian (1976) radius and η(r) is defined as:
η(r) = I(r)/〈I(r)〉 (3)
where I(r) is the surface brightness of the galaxy in an annu-
lus of radius r and 〈I(r)〉 is its mean value up to the same ra-
dius. The Petrosian radius depends only on the galaxy surface
brightness and it is independent of the redshift of observation.
Formally, the mean (V606− I814)(r) slope of the galaxy can be
expressed as:
slope = ∑
d
dr (V − I)(r)|ri ·∆ri
∑∆ri (4)
where the derivative is taken over the fitted function, ∆ri is
the size of the concentric shells and r is measured in kpc. We
repeat this procedure to all the galaxies in our sample. In
Section 5 we will investigate how it performs compared with
δ (V − I) and present examples.
4.3. Comparing the indicators
An important objective of our analysis, is to carry out di-
rect comparisons of the internal color dispersions between the
present ACS sample and those observed in the HDFs. For this
FIG. 4.— Comparison between the two statistics used to probe varia-
tions in the internal color properties, δ (V − I) and the mean slope (V − I)
for spheroids in the Tadpole field, represented by open circles. Values for the
HDF-N are also shown as hatched circles. The size of the symbols is keyed
to the I814 magnitude as indicated in the panel within. Galaxies with large
positive mean slope (V606− I814)(r) bear blue cores, while those with large
δ (V − I) values show strong color dispersion in general associated with blue
cores.
purpose, we will include in our study the morphologically se-
lected catalog of spheroids in HDF-N from Menanteau et al.
(2001a). The HDF-N sample was constructed using the same
selection limits and morphological classification, ensuring a
robust comparison between samples. We decide to include
only the Northern HDF as this contains the largest num-
ber of spectroscopic redshifts, making possible an investiga-
tion of how the internal color dispersions vary as a function
of redshift as opposed to the photometric estimates in ACS
spheroids. After computing δ (V − I) and the mean slope for
all galaxies in the ACS and HDF-N samples we examine how
they perform against each other and subsequently compare
with HDF-N spheroids.
Figure 4 shows the values of δ (V − I) versus the mean
slope (V606− I814)(r) for all spheroids in the Tadpole field.
We can observe a clear correlation between both statistics for
the larger part of the sample: galaxies with high positive mean
slopes (indicative of blue cores) also show high values of
δ (V − I) (i.e. high internal color dispersions). Although the
inverse relation is true for most galaxies (i.e high color disper-
sion values (δ (V − I)>∼0.06) also have high positive slopes)
we see in Fig. 4 that several high δ (V − I) galaxies have flat
or even negative slopes in some cases. This results as galaxies
with metal enriched cores tend to have redder centers, mak-
ing their mean slopes slightly negative or flat, while keeping
higher than normal values of δ (V − I). From Fig. 4, we wish
to highlight that the mean slope (V606− I814)(r) is a more ro-
bust statistic for tracing blue cores as spheroids with positive
slopes and hence blue cores exhibit high internal color dis-
persion. Also in Fig. 4 we present the values computed for
the HDF-N spheroids. It is reassuring that ellipticals populate
the same region in the δ (V − I)—median slope space for both
samples. After individually inspecting the objects with high
δ (V − I) values but low or negative slopes, we confirm that
these correspond to objects with reddened cores. We conclude
that although both statistics succeed in tracing the observed
color variations, the mean slope is a more robust statistic for
tracing blue light in spheroids and is not prone to color differ-
ences arising from color gradients normally accounted for in
passively evolved ellipticals.
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FIG. 5.— The scatter δ (V − I) as a function of redshift for spheroids in
the Tadpole field are shown as open circles. For reference the values for
spectroscopic redshifts from the HDF-N are also shown as filled triangles.
Horizontal bars at the top represent typical 1σ photometric redshift errors for
galaxies in the ACS sample.
5. RESULTS
Establishing the existence of a population of field spheroids
with marked color dispersions, resembling those exhibited by
HDFs spheroids is a major objective of this paper. From the
constructed color maps alone we can conclude that this is a
property shared by field spheroids at intermediate redshifts
regardless of the sample in study. The presence of strong
variations in the internal color distributions suggests episodes
of recent start-formation activity. However, detailed measure-
ments regarding the intensity and timescales involved requires
precise spectroscopic information, not available for the sam-
ple in our study. Instead, we opt to determine in a model-
independent way the proportion of active systems as a func-
tion of redshift and based on this information, make educated
guesses regarding the evolution of early-type galaxies.
Initially, we wish to investigate the behavior of δ (V − I)
as a function of redshift. For this, in figure 5 we display
the computed values of δ (V − I) as a function of their pho-
tometric estimations for the Tadpole field (open circles) and
spectroscopic redshifts for the HDF-N (filled triangles). Error
bars represent 1σ estimates obtained using the bootstrap re-
sampling technique introduced by Efron & Tibshirani (1986).
From figure 5 we observe how the fraction of spheroids with
high δ (V − I)values slightly increases as a function of red-
shift in the same way as reported for HDF-N spheroids. We
make a quantitative measurement and focus on the fraction of
systems with high δ (V − I)values compared to low ones as
this measurement is not prone to selection effects due to the
redshift distribution of spheroids in our sample. We separate
the sample into two redshift bins, such as 0 < zbin1 ≤ 0.6 and
0.6 < zbin2 ≤ 1.2 and calculate the fraction of spheroids with
δ (V − I) > 0.09 to the total number. We report an increase
from 28% in zbin1 to 39% in zbin2. However, we point out
that this might also be consistent with no increase given the
relatively small number of objects involved.
It is reassuring to confirm that both samples show a very
similar trend in the observed spread as well as its increase with
redshift. Assuming that in most cases high values of δ (V − I)
are associated with recent star formation activity within the
galaxy, the rise of δ (V − I) with redshift indicates a clear
trend in this sense. For the HDFs, Menanteau et al. (2001a)
have computed simple models that can explain the existence
of galaxies with high δ (V − I) as the result of small additional
bursts of star formation activity.
If we assume that strong internal color dispersion are indeed
associated with recent star formation, it is interesting to ob-
tain the fraction of evolving systems as a function of redshift.
As observed from figure 4, the mean slope (V606− I814)(r)
is better suited to probe blue cores and internal inhomo-
geneities than δ (V − I), therefore we choose to use this in-
stead of δ (V − I) for estimating the ratio of spheroids with
strong internal color variations to the total number of ob-
jects. In figure 6 we show computed values of the mean slope
(V606− I814)(r) as a function of redshift for both the Tadpole
field and the HDF-N sample, using the same symbols as in
figure 5. For completeness we also display the values for the
HDF-N, as this allows to make consistency checks for vari-
ations that could arise between samples, in part due to the
use of photometric redshifts. Error bars show 1σ computa-
tions calculated by carrying out Monte Carlo simulations over
the data. To illustrate how the mean slope is used in probing
galaxies with blue cores, in figure 6 we also show two galax-
ies of contrasting internal colors and the very distinctive val-
ues of the mean slope they have. It is interesting to note from
this figure how galaxies tend to populate rather uniformly the
redshift space.
5.1. The mean slope (V606− I814)(r) redshift dependence
In order to reliably make use of the mean slope
(V606− I814)(r) in tracing blue light in spheroids, we need to
investigate its variation as a function of redshift introduced
from measuring the mean slope using the V606 and I814 filters.
We attempt to reproduce through simulations the observed
spatially resolved color properties of spheroids with blue nu-
clei. Our key assumption when modeling these spheroids is
that at intermediate redshifts they can be described using a
two component model: a young stellar central component
(responsible for the blue light) superimposed on an old sys-
tem. We modeled the integrated V606 − I814 colors of both
stellar component using spectral energy distributions (SED)
from the Bruzual & Charlot (1996) (BC96) library. For the
old stellar component we chose an SED corresponding to ex-
ponentially declining star formation (e-folding time 1 Gyr) at
age 12 Gyr, which resembles the colors of a normal ellipti-
cal at z ∼ 0. For the central region we employ the SED of
a recent star-forming elliptical as observed after 1 Gyr since
its formation. For each component their observed V606− I814
colors and apparent magnitudes are computed as as a func-
tion of redshift (K-correction only) assuming a flat universe
(H0 = 71 km s−1Mpc−1, Ω0 = 0.27, ΩΛ = 0.73).
To emulate the geometrical properties of the modeled
galaxies (as those of the blue nucleated spheroid in Fig. 6)
we created artificial ellipticals from the two components using
a customized version of the IRAF package ARTDATA. We
used a fixed physical size of half-light radius re = 3 kpc for
a de Vaucouleurs profile for the old component. We assume
that the blue central component corresponds to only 15% of
the total stellar mass of the galaxy M = 3× 1011M⊙, as this
supplies enough blue light to reproduce the observed blue col-
ors, and effective radius of 0.15re.
For the resulting artificial galaxies we compute the mean
slope (V606− I814)(r) between 0.2 < z < 1.2 using the same
procedure as for the real data. We show the results of the exer-
cise in figure 6. The solid line represents the computed values
of the mean slope (V606− I814)(r) recovered from the simula-
tions. We observe that for simulated spheroids the mean slope
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FIG. 6.— The mean slope (V606− I814)(r) as a function of redshift for spheroids in the Tadpole field are shown as open circles. For reference the values
with spectroscopic redshifts from the HDF-N are also shown as filled triangles. The dotted line is the limit used for selecting evolving systems as a function
of redshift. To illustrate how the mean slope (V606− I814)(r) traces core colors, we show two examples of objects with positive/high (top) and negative slopes
(bottom), with their associated position in the mean slope vs redshift space. We also display their V606− I814 color maps and their corresponding (V606− I814)(r)
extracted gradients in the far right panels, with their associated 1σ error bars. The solid red line in the extracted color gradient represents the fitted slope used in
the computation of the mean slope. The solid line shows the mean slope values obtained for simulated galaxies as a function of redshift.
changes little as a function of redshift, with a bump at z∼ 0.65
which coincides with the peak in the ∆(V606− I814) colors dif-
ference between both components. We conclude that although
our filter set is more favorable to trace blue light near z∼ 0.65,
the variations as a function of redshift are small enough that
this will not significantly affect our results.
5.2. The fraction of active systems
When computing the active to total galaxies ratio, we need
to calibrate the mean slope (V606− I814)(r) to differentiate
between active versus passively evolved systems. Certainly
high values of the mean slope are directly linked to large in-
ternal color variations, and for the high mean slope vs. red-
shift envelope, is where undoubtedly the most striking cases
of blue cores arise. On the other hand, galaxies with small
values, near zero or negative show no significant color vari-
ations. However, defining a limit that separate active vs pas-
sive systems is a rather uncertain and imprecise exercise. To
assess this problem, we opt for interactively calibrating this
limit, by visually inspecting all galaxies and their respec-
tive color maps. After extensive inspections, we resolve to
chose a constant limit of mean slope (V606− I814)(r) > 0.08
mags/kpc2 as a fiducial limit, that produces the cleanest sep-
aration (Fig. 6. Using this limit we proceed and compute the
fraction of active to total spheroids as a function of redshift
for all the ellipticals in the Tadpole field up to z ∼ 1.2. In or-
der to avoid possible uncertainties arising from normal Pois-
son variations and the use of photometric redshifts, we opt
for binning out the data using redshift bins of size ∆z = 0.25,
wide enough to smooth out major noise variations. In figure 7
we show the fraction of active to total systems as a function
of their photometric redshifts. In order to incorporate the er-
ror in the measurement of the photometric redshifts, 1σ error
bars in figure 7 were estimated by carrying out Monte Carlo
simulations over the distributions. To estimate the uncertain-
ties we recompute the histogram N times (N ∼ 1000) in which
the redshift of observation of the galaxies is modified such as
z′o = zo ±αδ z, in which α is a randomly generated number
between [−1,+1] and δ z is the nominal error estimation of
BPZ equal to δ z = 0.15(1+ z).
From figure 7 we report that the fraction of active spheroids
is compatible with constant as a function of redshift (within
the error bars). It is important to notice that the estimate for
the lowest redshift bin, is quite uncertain as indicated by the
large error bars, as the Tadpole sample is incomplete for lower
redshift galaxies (see Benı´tez et al. 2004). Regarding the ac-
tual amount of the fraction of active spheroidals, we recognize
that its absolute value is rather dependent in the limit used for
selection. However, for the current limit adopted, this number
mostly fluctuates around 30%− 40% in good agreement with
the values obtained for the HDF-N for Kodama et al. (1999)
and Menanteau et al. (2001a). It is also worth noting that from
tests performed on the sample, the shape of fraction distri-
bution remains largely unchanged when adopting a different
limit.
It is appealing to analyze our estimate of the number of
active spheroids in the context of their evolutionary history
using the simple methodology introduced in this paper. The
relatively constant to small rise in the fraction of active sys-
tems is suggestive of the presence of a population of active
spheroids, continuous at least up to z∼ 1. This can also lead to
the interpretation that spheroids are being constantly assem-
bled since z ∼ 1. At the same time, the presence of spheroids
with homogeneous colors and smooth color gradients is clear
evidence of the presence of a relatively dominant population
of normal evolved spheroids at all redshifts.
It is possible to ask then, what type of objects are the blue
spheroids that we detect? And, what would be their low red-
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FIG. 7.— The fraction of active systems to total as a function of redshift for
spheroids in the Tadpole field. Error bars represent 1σ estimates obtained us-
ing Monte Carlo simulations. The value for the first redshift bin is inprecise,
as the sample is incomplete for low redshift galaxies.
shift counterparts? A possible explanation, might be that we
are seeing these galaxies as they enter into the E/S0 class,
possibly within the first Gyr, since their last star-formation
activity. From the modeling of stellar synthesis populations
(Menanteau et al. 2001a,b), it is believed that the existence
of such populations is not long-lasting. We might be see-
ing the predecessors or proto-ellipticals, in the last period of
star-formation before becoming normal ellipticals as we know
them at low redshifts and in clusters of galaxies.
6. CONCLUSIONS
In this paper, we have used newly available data from
the Advanced Camera for Surveys to study the internal
color properties of sample of 116 morphologically selected
spheroids. This represents the first deep dataset of spheroids
available from the ACS, and we used it to investigate its su-
perb ability to resolve distant galaxies.
Using an independent sample of ACS spheroids we have
confirmed the presence of a population of spheroids with
color inhomogeneities similar to those found in the HDFs.
Using a model independent approach, we have introduced a
new statistic, the mean slope (V606− I814)(r) which probes
successfully the presence of blue cores and internal color
inhomogeneities in spheroids. We compare our measure-
ments with the HDF North with consistent results. Assum-
ing that strong variations in the internal color dispersion of
spheroids are linked to recent episodes of star formation, we
use the mean slope to separate active and passively evolved
systems as a function of redshift, and based on this, we esti-
mate the fraction of active systems versus redshift. We found
that within the uncertainties of our measurements, the frac-
tion of active galaxies can be described as constant, with a
trend to grow with redshift, with nominal values between
∼ 30%− 40% of the sample, consistent with previous re-
sults. We take this as evidence for the continuous formation
of spheroids since z ∼ 1, while the data also shows the pres-
ence of a population of old passively evolved ellipticals at all
redshifts.
An important part of the challenge that lies ahead is try to
understand the significance of the blue spheroids and whether
or not these represent the early stages of what we expect to
be an elliptical as defined at z ∼ 0. Additionally, alternative
theories of galaxy formation need to be explored which can
explain at the same time the presence of passive evolving sys-
tems and recent star-forming spheroids. It also remains to
be learned what are the detailed internal properties of ellipti-
cals in clusters are from upcoming ACS observations at z ∼ 1
(Postman et al. 2004).
ACS was developed under NASA contract NAS 5-32864,
and this research is supported by NASA grant NAG5-7697.
We would like to thank the anonymous referee for his/her
comments and suggestions which improved the paper.
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FIG. A9.— The internal color dispersion δ (V − I), used to measure color inhomogeneities, as a function of the central concentration, C. Open circles represent
simulated spheroids to estimate the bias level introduced by the PSF. Open squares observed ones. Each panel shows the results of artificial spheroids for each
PSF positions using the description of Fig. A8.
FIG. A10.— The mean slope (V606− I814)(r), used to trace central blue light, shown as a function of the central concentration, C. Open circles represent
simulated spheroids to estimate the bias level introduced by the PSF. Open squares observed ones. Each panel shows the results of artificial spheroids for each
PSF positions using the description of Fig. A8.
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TABLE B3. THE CATALOG OF SELECTED SPHEROIDS FROM UGC102104
ID RA(J2000) DEC(J2000) F814W δ (V − I) mean slope (V606− I814)(r) BPZ A C
1041 16:06:16.49 +55:23:44.19 21.877 0.0621±0.0019 −0.0587±0.0012 0.23 0.054 0.538
1076 16:06:03.55 +55:24:54.00 22.982 0.0146±0.0072 0.0292±0.0335 0.67 0.032 0.392
1103 16:06:09.86 +55:24:28.60 21.767 0.0393±0.0026 0.0485±0.0026 0.21 0.043 0.385
1109 16:06:19.18 +55:24:17.63 23.713 0.1091±0.0285 0.1515±0.0350 0.47 0.067 0.275
1142 16:06:06.01 +55:24:53.35 23.408 0.1284±0.0277 −0.0982±0.0386 0.41 0.047 0.365
1157 16:06:13.95 +55:24:57.49 21.760 0.0964±0.0086 −0.0765±0.0030 0.78 0.052 0.466
1200 16:06:04.61 +55:25:58.07 23.408 0.5834±0.0079 −0.2479±0.0304 0.85 0.051 0.477
1207 16:06:01.80 +55:26:17.99 20.447 0.1038±0.0013 −0.0751±0.0009 0.71 0.081 0.653
1266 16:06:18.02 +55:24:31.97 23.362 0.0802±0.0219 0.1880±0.0419 0.61 0.004 0.451
1275 16:06:19.02 +55:24:25.81 22.822 0.0882±0.0080 −0.0050±0.0077 0.74 0.041 0.425
1282 16:06:15.43 +55:24:49.85 23.337 0.0563±0.0151 0.1083±0.0159 0.83 0.130 0.476
1295 16:06:03.27 +55:24:57.76 20.654 0.0701±0.0058 −0.0658±0.0473 0.78 0.090 0.428
1364 16:06:15.43 +55:24:52.52 23.303 0.0330±0.0469 0.1256±0.0582 0.78 0.128 0.702
1475 16:06:19.52 +55:24:30.48 23.856 0.0490±0.0149 0.1673±0.0175 0.67 0.040 0.379
aComplete table available at http://acs.pha.jhu.edu/∼felipe/e-prints
APPENDIX
A. THE EFFECT OF THE ACS/WFC POINT-SPREAD FUNCTION
It is known that systematic variations present in the HST PSF may influence studies which depend on small aperture photometry
or small galaxies with bright cores. Our main concern is the PSF variation as a function of wavelength, which might induce
spurious centrally concentrated color inhomogeneities on sharply peaked light profiles. To investigate the bias level introduced
by variations of the PSF in our internal color analysis of spheroids, we carried out Monte Carlo simulations following a procedure
similar to the one described in Menanteau et al. (2001a). This consists of creating artificial galaxies using the IRAF package
ARTDATA resembling the sizes and brightness as of those in our study. These were subsequently analyzed in the same fashion
as the observed data. Initially we attempted to create artificial de Vaucouleurs profiles using a combination of averaged observed
bright stars in the background of the Tadpole field as PSF. However, it was soon evident that there was a systematic variation in
the PSF FWHM as a function of position in the WFC field. In addition, the small number of bright stars in The Tadpole field
made the use of stars as real PSFs too challenging. The PSF variation across the WFC field has been extensively documented by
Krist (2003). Although the PSF variations in ACS are less than other HST cameras, its does varies over the field, most notably
for the WFC (see Fig. 1 in Krist 2003). Therefore, we chose to utilize the synthetic PSFs generated with the Tiny Tim software
as it does take into account field variations.
We created a grid of 4× 4 PSFs at evenly distributed positions across both WFC chips with Tiny Tim for the V606 and I814
bands. These were incorporated into ACS mock raw images and later processed through Apsis using the same parameters as
for the observed data. These yield a geometrically corrected grid image of synthetic PSFs. In Fig. A8 we show a diagram with
the final positions. Using this grid, spheroids were synthesized at each PSF location with de Vaucouleurs profiles using IRAF’s
ARTDATA. A set of simulated spheroids were generated for the V606 and I814 bands trying to mimic as much as possible the
observed properties of spheroids. These include a range of half-light radius (re) from 0.1′′−0.7′′ which correspond to a physical
length of ∼ 0.75− 5.5 kpc (H0 = 71 km s−1Mpc−1, Ω0 = 0.27, ΩΛ = 0.73) and a range of magnitudes consisted with our
sample (18 < I814 < 24). We processed the synthetic spheroids using the exact same procedure employed for real spheroids and
calculated both estimators, δ (V − I) and the mean slope (V606− I814)(r) for the whole sample. To simplify the simulation we
compute the mean slope as function of the object apparent size. As the influence of the PSF in the resolved colors is expected to
be a strong function of the ’peakiness’ of light distribution of the galaxy, we probe the influence of the PSF on real and simulated
galaxies against the central concentration parameter (section 2.3).
The results of this exercise are shown in Figs. A9 and A10, where we plot the values of δ (V − I) and the mean slope
(V606− I814)(r) as a function of the central concentration respectively for the 16 PSF pointings. In all 16 positions we also
plot the observed data (open squared) to compare with the simulation results. When confronting real and simulated values of
δ (V − I) in Fig. A9 we can see that over the observed range of C for the ACS spheroids (i.e. 0.3<∼C<∼0.7) the values of δ (V − I)
for the simulated galaxies as significantly lower that those obtained for the observed spheroids. Only for values of C > 0.8 we
enter into the regime in which the PSF can affect the recovered values of δ (V − I) as the PSF becomes important. However, our
spheroids do not lie in this range. We notice some variation depending on the PSF position used, but this effect is too small for
the scale of the real values of δ (V − I). We also compare the central concentration with the mean slope (V606− I814)(r) using the
same symbols as of Fig. A9. The simulated galaxies have mostly a uniform distribution of values of mean slope (V606− I814)(r)
as a function of C, also lower than the observed for the real data. We conclude that the bias level introduce by the variations in
the WFC PSF will not seriously affect any of our conclusions.
B. THE CATALOG OF SPHEROIDS IN UGC102104
